Neutrophil recruitment and extravasation at sites of inflammation provides a mechanism for host defense. We showed previously that heparan sulfate, a type of sulfated glycosaminoglycan, facilitates neutrophil recruitment based on the reduction of neutrophil infiltration in mice in which the overall sulfation of the chains was reduced by selective inactivation of N-acetylglucosamine N-deacetylase-N-sulfotransferase (Ndst1) in endothelial cells. Here, we show that inactivation of uronyl 2-O-sulfotransferase in endothelial cells (Hs2st), an enzyme that acts downstream from Ndst1, results in enhanced neutrophil recruitment in several models of acute inflammation.
Introduction
The inflammatory response, initiated by injury or infection, begins by release of cytokines, such as tumor necrosis factor-α (TNFα) and interleukin-1 (IL-1), from resident macrophages.
These effectors stimulate endothelial cells, resulting in the secretion of von Willebrand factor, which aids in platelet recruitment and thrombus formation, and the rapid appearance of Pselectin on the apical (lumenal) face of endothelial cells. P-selectin interacts with its primary ligand, P-selectin glycoprotein ligand-1 (PSGL-1) expressed on neutrophils, enabling rolling of the cells under blood flow. Chemokines released by resident inflammatory and stromal cells transcytose across the endothelium and bind to the apical surface. Their presentation to rolling leukocytes then activates G-protein coupled receptors, which in turn activates integrins and causes firm adhesion of the leukocytes to the endothelium. Changes in cell shape and spreading occur followed by transcellular and paracellular extravasation. After entry into tissues, neutrophils release proteases and reactive oxygen species that kill foreign pathogens and prepare the tissue for repair.
A large body of evidence suggests the importance of heparan sulfate in inflammation.
Cytokines (TNFα, IL-1 and others), L-and P-selectins, and chemokines bind to therapeutic heparin and purified heparan sulfate. Furthermore, heparin blocks L-and P-selectin in vivo in mice 1, 2 , which may explain in part its anti-inflammatory activity in humans 3 . Recently, we
showed that mice bearing an endothelial-specific mutation of the biosynthetic enzyme, Nacetylglucosamine N-deacetylase-N-sulfotransferase-1 (Ndst1) exhibit reduced neutrophil extravasation in vivo in several acute inflammatory models 4 . Decreased neutrophil infiltration was partially due to enhanced rolling velocity in vitro, which correlated with weaker binding of Lselectin to endothelial cells. Inactivation of Ndst1 also resulted in reduced chemokine transcytosis across endothelial cells and reduced presentation on the cell surface. Ndst1-deficient mice exhibit decreased allergen-induced airway hyper-responsiveness and
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Heparan sulfate has a complex structure, consisting of variably sulfated disaccharides arranged in clusters, which make up the binding sites for ligands 6 . Ndst1 and other Ndst isoforms catalyze the initial sulfation of subsets of glucosamine residues, creating the substrates for 2-O-sulfation of adjacent uronic acid residues and 6-O-sulfation (and more rarely 3-Osulfation) of N-sulfoglucosamine units 7 . by strong anion exchange HPLC with a Propac PA1 (4 x 250 mm, Dionex) column as described 12 .
Thioglycolate-induced peritonitis. 8-12 week old mice were injected intraperitoneally with 2 ml sterile 3% thioglycolate broth (Becton-Dickinson). The peritoneal cavity was lavaged with 8 ml PBS containing 3 mM EDTA 4 h or 18 h after injection, and the total number of cells were counted on a particle counter (Beckman Coulter). After counting, a portion of the cells were stained with anti-mouse Ly6C/G (Gr-1) FITC-conjugated antibody (Invitrogen) and anti-mouse F4/80 phycoerythrin-conjugated antibody (eBioscience) and analyzed by flow cytometry (FACSCalibur, BD). Flow cytometry data was analyzed using FlowJo software (Tree Star, Ashland OR) and neutrophils and monocytes were identified based on side and forward scattering, and expression profile of Gr-1, F4/80, CD11b and CD11c.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From Dorsal air pouch model. Dorsal air pouches were created by subcutaneous injection of 2.5 ml sterile air. LPS, IL-8, or MIP-2 (1 µg) was injected in 0.5% solution of carboxymethyl cellulose (sodium salt, Sigma) in PBS into the air pouches. After 4 hours the pouches were lavaged with PBS containing 3 mM EDTA and the cells were counted using a hemacytometer. The cells were stained and analyzed as described above. In selected experiments, mice were injected intravenously with 25 µg of a monoclonal blocking antibody to L-selection (MEL-14, eBioscience) 1 hour before injection of LPS into air pouch.
Intravital microscopy. Male mice were anesthetized using a mixture of ketamine (Ketaset), xylazine (AnaSed) and atropine (Sigma) and kept on a thermally controlled platform throughout the experiments. The Cremaster muscle was prepared as described previously 13 . Briefly, the
Cremaster muscle was exteriorized and superfused with bicarbonate-buffered saline (37ºC) throughout the experiment. Venules with a diameter of 25-40 microns (average ~30 microns) and leukocytes were observed using a microscope (Zeiss Axioskop) fitted with a water immersion objective (20 x, 0.5W Zeiss). Video recordings were captured using a DAGE Mti. 66x
SIT camera and Panasonic S-VHS recorder. The recordings were then further analyzed by digitalizing them using the Turtle Beach AD Fullcap software (Voyetra Turtle Beach). Two venules per mouse (n = 8 wild-type mice and n = 24 mutant mice) were analyzed and the velocities of 6 -11 rolling leukocytes were determined in each venule. Rolling velocities were calculated by individually tracking leucocytes rolling along the endothelium using a cell tracking software based on the MATLAB software (MathWorks).
13
Flow chambers. Neutrophils were freshly isolated from mouse bone marrow with more than 90% purity as described 14 . Lung endothelial cells were grown to confluence on gelatin-coated glass coverslips. The coverslips were then placed in the bottom of a parallel-plate flow chamber (100 µm in thickness). In selected experiments, endothelial cells were stimulated with 50 ng/ml of TNFα for 4 hours prior to analysis. In some experiments, neutrophils were treated with 10 µg/ml of rat IgG2a or MEL-14 mAb for 20 min at room temperature. The flow chamber was then bead/IL-8 complexes were washed with PBS using a magnet, and the radioactivity retained on the beads was measured by a liquid scintillation spectrometry. The bound counts were expressed as a percentage of total input counts.
Statistical methods. Statistical analysis was performed using the GraphPad Prism software (GraphPad Software, La Jolla, CA). All comparisons we analyzed using one-way t-test and data is presented as mean ± SEM. P values less than 0.05 were considered significant.
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Results
Endothelial and myeloid-specific disruption of Hs2st. Vertebrates have only one gene encoding uronyl 2-O-sulfotransferase, Hs2st, and the enzyme is ubiquitously expressed in tissues based on the universal presence of 2-O-sulfated uronic acids in tissue heparan sulfates.
The enzyme installs sulfate groups at C2 of uronic acids, with preference for iduronic acid over glucuronic acid 16 , consistent with the concentration of 2-O-sulfate groups in domains rich in Nsulfoglucosamine residues and iduronic acid 17 . Systemic inactivation of Hs2st results in neonatal death primarily due to renal agenesis 18 . To study the role of Hs2st in specific tissues,
we generated a loxP-flanked conditional allele (Hs2st f/f ) 8 . Interbreeding Hs2st f/f mice with transgenic mice expressing Cre recombinase under the control of the Tie2 promotor (Tie2Cre) created cell-specific disruption of Hs2st in endothelial and myeloid cells 19 . Similarly, interbreeding with transgenic mice expressing Cre under the control of the M lysozyme promotor (LysMCre) disrupted Hs2st specifically in monocytes/macrophages and neutrophils 10 .
Southern blot analysis showed the loss of Hs2st in endothelial cells and macrophages in Figure 1 ). Both Hs2st f/f Tie2Cre + and Hs2st f/f LysMCre + mice reproduced normally. No differences in blood leukocyte counts were noted (Supplemental Table   1 ). Staining of lung and liver sections with CD31 showed no gross changes in the microvasculature (Supplemental Fig. 2 ). PNAd, which is normally expressed in the high endothelial venules of the lymph node, was expressed as expected in Hs2st f/f Tie2Cre + mice and was absent from lung and liver endothelium (Supplemental Fig. 2 ).
To analyze the structural change of heparan sulfate induced by inactivation of Hs2st in endothelial cells, we analyzed the disaccharide composition of chains purified from pulmonary endothelial cells derived from Hs2st f/f Tie2Cre + mice. Initial attempts to characterize the chains chemically met with complications due to inclusion of heparin in the growth medium, which was necessary for growth and viability of the cells. Therefore, cells were incubated with 35 20 , showed that heparan sulfate from the mutant fragmented to a much greater extent, resulting in loss of tetrasaccharide (dp4), hexasaccharide (dp6) and octasaccharide (dp8) peaks when compared to fragmentation of material from wild-type cells (Fig. 1C) . These findings confirm the overall reduction of 2-O-sulfation in the mutant.
Accentuated neutrophil infiltration in thioglycolate induced peritonitis.
To characterize the effect of inactivation of Hs2st on inflammation, we injected thioglycolate intraperitoneally into Hs2st f/f Tie2Cre + mice, inducing a peritonitis characterized by infiltration of neutrophils and monocytes. Wild-type mice injected with thioglycolate showed a marked increase of peritoneal neutrophils after four hours as compared to saline-injected mice.
Unexpectedly, Hs2st f/f Tie2Cre + mice showed a 57% increase in neutrophil accumulation compared to wild-type mice (5.5 ± 0.6 x 10 6 versus 3.5 ± 0.3 x 10 6 , respectively; P < 0.01) ( Fig.   2A ). In contrast, Ndst1 f/f Tie2Cre + mice, which exhibit reduced overall sulfation of heparan sulfate, showed a 40% reduction in neutrophil infiltration compared to wildtype (2.1 ± 0.4 x 10 6 versus 3.5 ± 0.3 x 10 6 , respectively; P < 0.05), as described previously 4 showed a similar trend as neutrophils, but the differences did not achieve significance (Fig. 2B) .
Analysis of monocyte subpopulations suggested enhanced accumulation of Gr- 19 µm/sec in the wildtype). Similarly, the average velocity was reduced to almost half (14.2 ± 1.4 µm/sec in the mutant vs. 26.6 ± 3.4 µm/sec in the wildtype; P < 0.0001) (Fig. 3B) . In general, this difference in rolling velocity led to an increase in the number of cells tethered to the endothelial cell surface in the mutant compared to the wildtype.
Neutrophil rolling was also analyzed in vitro using flow chambers containing a monolayer of purified murine lung microvascular endothelial cells. Under a shear stress of 1 dyne/cm 2 , the rolling velocity of wild-type neutrophils on wild-type endothelial cells was quite rapid in comparison to the rolling velocity measured in vivo (107 ± 8 µm/sec in vitro vs. 19 µm/sec in 1 1 vivo) (Fig. 3C) . Nevertheless, wild-type neutrophils rolled with lower average velocity on Hs2st-deficient endothelial cells (80 ± 5 µm/sec, P < 0.01). Moreover, the number of rolling neutrophils was greater on mutant endothelial cells than on the wildtype (34 ± 2.5 cells vs. 26 ± 1.8 cells, respectively; P < 0.05) (Fig. 3D) . Pretreatment of the endothelial cells with the inflammatory cytokine TNFα increased the overall number of rolling neutrophils, but the differences in velocity and number of adherent cells between the mutant and wildtype persisted ( Fig. 3C and 3D ).
L-selectin-heparan sulfate interactions. Previously, we showed that neutrophil rolling velocity was increased on Ndst1 f/f Tie2Cre + endothelial cells, which we attributed to decreased Lselectin binding to the undersulfated heparan sulfate chains in the mutant. To test if the decrease in rolling velocity in Hs2st-deficient endothelial cells might reflect a common mechanism involving L-selectin, we examined L-selectin interactions in vivo using a dorsal skin air pouch model. Injection of lipopolysaccharide into an air pouch resulted in extensive neutrophil intravasation in wild-type animals (3.9 ± 0.3 x 10 6 cells) (Fig. 4A ). More neutrophils were recovered in air pouches in Hs2st f/f Tie2Cre + mice than in wild-type animals (6.1 ± 0.6 x 10 6 ), consistent with the enhanced neutrophil infiltration observed in thioglycolate-induced peritonitis (Fig. 2) . When mice were injected intravenously with the L-selectin blocking antibody MEL-14 prior to LPS challenge, the number of neutrophils decreased significantly in both mutant and wild-type mice (Fig. 4A) , reducing the number of neutrophils to comparable levels (3.4 ± 0.6 x 10 6 in the mutant and 2.7 ± 0.6 x 10 6 cells in the wildtype). Injection of MEL-14 has minimal effect on the peripheral neutrophil counts (Supplemental Fig. 4) , consistent with the idea the reduction in neutrophil migration by MEL-14 was most likely due to blockade of L-selection mediated rolling.
To show unambiguously that L-selectin-heparan sulfate interactions contribute to neutrophil rolling, we blocked L-selectin with MEL-14 and examined neutrophil rolling using flow chambers. The rolling velocity increased significantly on both wild-type and mutant endothelial cells. Furthermore, the difference of rolling velocity between wild-type and mutant endothelial (Fig. 4B) . Blockade of L-selectin also diminished the number of rolling neutrophils on Hs2st f/f Tie2Cre + endothelial cells to a level that was indistinguishable from the number of rolling neutrophils on wild-type cells (Fig. 4C) . Thus, the decreased rolling velocity of neutrophils on Hs2st f/f Tie2Cre + endothelial cells was caused by enhanced L-selectin-heparan sulfate interactions.
We obtained direct evidence for enhanced L-selectin interaction with heparan sulfate on Hs2st-deficient cells by measuring the binding of recombinant soluble L-selectin to wild-type and Hs2st-deficient endothelial cells using flow cytometry. As shown in Fig. 4D , binding of L-selectin to Hs2st-deficient endothelial cells was increased by 35% compared to wild-type cells (Fig. 4D ).
In contrast, L-selectin binding to Ndst1-deficient endothelial cells was decreased by ~40%.
Elevated chemokine binding. Endothelial heparan sulfate also plays an important role
in chemokine presentation to rolling leukocytes, which is a prerequisite for leukocyte firm adhesion and transmigration 4 . To examine if the altered structure of endothelial heparan sulfate in Hs2st f/f Tie2Cre + mice might also affect chemokine presentation, macrophage inflammatory protein 2 (MIP-2), one of the major neutrophil chemoattractant chemokines in mice, and its human analog interleukin-8 (IL-8) were injected into dorsal skin air pouches. Hs2st f/f Tie2Cre + mice responded more robustly to IL-8 injection, resulting in 2.2-fold more neutrophil infiltration into the pouch compared to wildtype (5.7 ± 0.5 x 10 6 vs. 2.6 ± 0.4 x 10 6 cells) (Fig. 5A) .
Similarly, the response of mutant mice to MIP-2 was 1.7-fold higher than that of wildtype (4.3 ± 0.5 x 10 6 vs. 2.5 ± 0.4 x 10 6 cells) (Fig. 5A ). As expected, pretreatment with MEL-14 significantly reduced neutrophil infiltration induced by IL-8 in both wild-type (from 2.6 ± 0.4 x 10 6 to 1.7 ± 0.3 x 10 6 cells) and Hs2st f/f Tie2Cre + mice (from 5.7 ± 0.5 x 10 6 to 2.3 ± 0.3 x 10 6 cells) (Fig. 5A ). (Figs. 2, 4 and 5) . Although the Tie2Cre driver causes recombination in both endothelial cells and throughout the myeloid and lymphoid lineages, the enhanced infiltration of neutrophils results from the change in heparan sulfate structure specifically in the endothelium because inactivation of the gene in the myeloid lineage using LysMCre had no effect. We attribute the increase in neutrophil infiltration An extremely important, yet poorly studied question in inflammatory biology, is whether changes in heparan sulfate structure like those observed in Hs2st f/f Tie2Cre + and Ndst1 f/f Tie2Cre + mice can occur naturally as part of a response to inflammatory insult. Changes in mRNAs encoding several enzymes involved in heparan sulfate biosynthesis have been noted after cytokine stimulation of endothelial cells 46 , which may result in cleavage of the chains or structural changes that result in altered binding of chemokines and cell adhesion molecules 47, 48 .
Whether these changes are beneficial to the host or merely reflect a pathophysiological response is unknown.
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